
i ATUOoof n / o : 



COGENERATE WITH COKE 



By Arthur M. Bauer, Thomas A. Brumner and Larry G. Gottesman 



LUMMUS CREST INC. 
1515 BROAD STREET 
BLOOMFIELD, NJ 07003 



AIChE Spring National Meeting and Petro Expo '86 
New Orleans, April 6-10, 1986 



3 if- 



yua* shall not be responsible 
ginlons contained in paper?, m WBmgjA** 
publications. 



Express Mail # ET 228453050 US 



BNSDOCID: <XP B042173A.._L> 



JAB] E BE CONTENTS 



Paae 

I Introduction 1 

II Technologies for Burning Coke 2 

Hi Description of Power Cycles 7 



IV Investment 

V Economics . 

VI Conclusions 

VII References 

VIII Tables 



BNSDOCID: <XP 6042173A._L> 



I „ Int roduction 



As refiners turn to heavier, more sour feedstocks, the production 
of fuel grade green coke from delayed cokers is increasing. The 
market for fuel grade coke in the United States is not strong, 
most of the fuel grade coke produced is exported. These market 
conditions create an environment where a cheap source of fuel is 
available for use in cogeneration facilities producing 
electricity and process steam for use in the coke producing 
refinery. The refinery steam and electricity requirements can be 
satisfied by the cogeneration plant and excess electricity can be 
sold to the local electric utility at avoided cost rates. The 
refinery gains by having an economical source of steam and 
electric power. Possibly of more importance, the refiner has a 
reliable means of disposing of petroleum coke with an economic 
return based upon the value of the steam and power produced in 
the cogeneration plant rather than the uncertain or low value 
that can be received in the fuel grade coke market. 

This paper examines the technical and economic feasibility of a 
coke based cogeneration project for a U.S. Gulf Coast refinery. 
Cases are developed comparing coke based cogeneration with import 
of electricity and natural gas fuel to produce steam. Two coke 



burning technologies are examined: a circulating fluid bed 
boiler and a pulverized coke fired boiler. The refinery is 
assumed to require 145 MW of electricity. 400,000 lb/hr of 600 
psig steam and 1,200,000 lb/hr of 250 psig steam. Furthermore, 
it is assumed that the refinery produces 2B00 T/D of coke that 
must be disposed of in the cogeneration plant. 

II. Technologies for Burning Coke 

Two technologies for burning petroleum coke to produce steam are 
considered. Both technologies are based upon adaptation to coke 
firing of well known commercial plant experience. They represent 
Combustion Engineering's continued efforts in developing boiler 
applications for fuels other than traditional gas, oil and coal. 

Circulating Fluid Bed Boiler 

The Lurgi /Combustion Engineering Circulating Fluid Bed 
(CFB) Boiler is a well developed commercial technology for 
producing steam. The CFB boiler has been developed to 
efficiently burn solid fuels previously considered 
environmentally unacceptable. These fuels include coal and 
lignite residue, anthracite culm, sludges and of interest 
here, petroleum coke. 



-2- 



The design of the CFB boiler avoids the need for 
installation of costly scrubbing facilities normally 
required for controlling sulfur oxide emissions. The 
inherently low combustion temperature in the CFB boiler has 
the advantage of low nitrogen oxide formation. The process 
assures stack emissions that meet stringent environmental 
regulations* Solid waste is in the form of a mixture of dry 
ash, calcium sulfate and calcined lime. 

Combustion in a CFB boiler takes place in a vertical 
combustion chamber. Fuel and limestone are fed into the 
combustion chamber, fluidized, and burned at temperatures of 
1500-1600 a F. Limestone reacts with the sulfur dioxide 
released by burning the fuel to form calcium sulfate. The 
bed material in the combustion chamber consists primarily of 
calcium sulfate, excess calcined Hrne and ash from the 
fuel. Limestone is added at a conservative 1.6 Ca:S ratio 
to ensure greater than 90% removal of sulfur compounds. 

The bed material is fluidized with primary air introduced 
through a grate at the bottom of the combustion chamber and 
by the combustion gases generated. Secondary air is added 
to the combustion chamber to achieve complete and staged 
combustion. 
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The velocities in the combustion zone of the CFB are set so 
that the combustion gases entrain a considerable amount of 
solids from the combustion chamber. The solids are 
separated from the gases in a cyclone and are returned to 
the bed directly or after passing through an external fluid 
bed heat exchanger (FBHE). High internal and external 
circulating solids rates characteristic of CFB's results in 
uniform temperatures throughout the combustion chamber and 
effective temperature control, facilitating good S0 2 
control . 

Long solids residence and contact times, with the high heat 
and mass transfer rates achieved, result in a high 
combustion efficiency. These conditions also allow both the 
complete decomposition of the limestone and subsequent 
capture of S0 2 at a low calcium to sulfur molar ratio. 
Staged combustion, at controlled low temperatures, 
effectively controls N0 X formation. 

Heat for steam generation and superheat is removed from the 
combustion chamber walls, the FBHE, and a convective pass of 
heat exchangers including an economizer where heat is 
removed from the flue gas exiting the solids recycle 
cyclone. After passing the convective heat exchangers the 
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gases are further cooled in an air preheater. The flue 
gases are cleaned 1n a bag house to meet New Source 
Performance Standards for particulate emissions of 0.03 
lb/10 6 BTU fired and then are vented via an induced draft 
fan and stack. Although higher efficiencies are expected, a 
conservative boiler efficiency of 88 percent (LHV) was 
assumed for this study. 

Excess solid waste is removed from the system via a fluid 
bed cooler. Materials are removed from the fluidized bed in 
order to control solids inventory and remove sulfur oxides 
captured in the form of calcium sulfate. Material removed 
is taken offsite for disposal. 

For more information on CFB boilers see references (I) and 
(2). 

Pulverized Coke Boiler 

The Combustion Engineering Pulverized Coke Boiler (PCB) is a 
design adapted from Combustion Engineering's long experience 
with conventional pulverized coal burning boilers. Changes 
are made from standard coal burning boilers to handle the 
low ash, high metals, and low volatiles content of the coke. 
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Petroleum coke is pulverized and burned with primary air in 
a modified tangentially fired boiler. Secondary air and 
recycled flue gas are added to the combustion radiant 
chanter to help minimize NO, formation. Modifications to 
standard coal boiler design include larger fire box volume 
to increase the residence time which is required for 
complete burn out of the low volatiles containing coke, and 
refractory lining portions of the radiant fire box to 
protect the tubes from high corrosion due to the high sulfur 
and vanadium content of the coke. Supplementary firing with 
natural gas at a rate of 5% of the fuel value of coke is 
included to ensure complete combustion. 

Ash and combustion gases pass overhead into convectlve heat 
exchangers for additional steam generation, superheating and 
economizer. The gases are passed through an air preheater. 
Ash is then removed in a venturi scrubber before the flue 
gases are scrubbed for sulfur oxides removal in an Air 
Quality Control System (AQCS) followed by a wet precipitator 
for acid mist removal. Limestone is added to the AQCS for 
sulfur oxides removal. The waste stream from the AQCS is a 
gypsum sludge containing fly ash at approximately 30% water 
content. Overall thermal efficiency for the PC Boiler was 
taken as 88 percent, similar to the CFB. 
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Coke Quality 



Coke fuel for both of the boiler cases is based upon the 
following typical fuel grade coke characteristics: 



Volatile content 12. 5% 

Sulfur 7% 

Moisture 10% 

Ash 0.2% 

Heating Value BTU/lb (HHV) 15,000 

Hardgrove grindabllity 70 



These characteristics are similar to that of an anthracite 
coal except ash is much lower and Hardgrove grindabllity is 
higher (i.e., coke is more friable). 

III. Description of Power Cycles 

High pressure superheated steam from the coke fueled boilers is 
fed to turbogenerators for production of electricity and steam. 
Steam is extracted at nominally 610 psig to supply 400,000 Ib/hr 
of 600 psig steam to the refinery. Steam at nominally 260 psig 
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„ extracted to supply ..200,000 Ib/hr of MO ps.g steam to the 
refiner, and to satisfy boiler feed water preheating re,u1re- 
« nts . Extraction steam at nominal 50 ps„ is used to strip 
d1SS o>,ed ,.ses fro. the BP. In the deaerator. Plash steam fro™ 

, tft tt ^ a bv the deaerator. Steam from the 
boiler blowdown is also used by tne 

„„aust of the turbine 1s condensed at 3.S Inches mercury 
cycle is shown in Figure 1. 

It „ assu*d that fifty percent of the steam exported to the 
refiner, w1„ be returned as condensate. The condensate and 
Mk eup water are treated to remove d,sso„ed soKds and then fed 
to the deaerator. in the deaerator the water Is stripped of 
aisS o,.ed gases. The water Is then pumped, pre-heated apalnst 
260 pslg steam and fed to the boiler. 

El ectr1c1«y is generated by the turbogenerators at .3.8 K». » 
certain an»unt of electricity Is used 1. the cogeneratlon plant 
for „ater treatment, cooling tower, materials handlln,. waste 
treatment, etc. This power Is fed to transformers within the 
generation plant and used Interna^. Excess power 1s exporte 

i«* ft KV In this analysis the 
to the refinery and the utnlUy at 13.8 KV. 

refinery requires 145 Mw of power. 
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Table 1 summarizes the operating parameters for the Circulating 
Fluid Bed Boiler and the Pulverized Coke Boiler cases. 

The two power cycles are similar in most respects. For the 
Pulverized Coke Boiler, supplemental firing with natural gas is 
included to ensure complete burning of the coke fuel. Steam 
temperature is reduced to 950°F compared to 1000°F for the 
Circulating Fluid Bed Boiler because of concerns relating to 
corrosion of superheater surfaces due to the metals content of 
coke. Overall cycle efficiency is 71.8 percent for the CFB and 
68.3 percent for the PCB case. 

The CFB boiler plant is based on four boilers rated at 750,000 
pounds per hour (MCR) of 1810 psig/1000°F steam. The boilers are 
sized so that the plant can meet the refinery operating 
requirements for steam and electricity with three boilers 
operating and one boiler down for inspection or maintenance. The 
boilers produce steam which is fed to two extracting condensing 
turbogenerators. Each turbogenerator is capable of generating 
125 MW of power. Normally each turbogenerator produces 91.5 MW 
of electricity. The additional capacity is provided for 
flexibility when the refinery does not require the design export 
steam quantity. When the refinery requires less steam, the steam 
will be condensed. The additional power produced will be sold to 
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TA8LE 1: SUMMARY OF OPERATING PARAMETERS 

Circulating Fluid Bed Pulverized Coke 



Fuel Fired: 
Coke 

Natural Gas 



2800 T/D 
0 



2800 T/D 
4200 x 10 6 BTU/D 



Utilities & Other Materials: 



Limestone 
Water 



972 T/D 
3400 GPM 



680 T/D 
4200 GPM 



Waste: 
Ash 



1188 T/D 



1536 T/D 
(30% water) 



Steam Produced: 
Quantity 
Temperature 
Pressure 



2,706,000 lb/hr 
1000 °F 
1810 PSIG 



2,926,000 lb/hr 
950 °F 
1810 PSIG 



Power Generated: 
Gross 

Internal Usage 
Available for Export 

Export to Refinery 
Export to Utility 



183 MW 
31 MW 
152 MW 

145 MW 
7 MW 



Steam Export to Refinery: 

610 psig 400,000 1b/hr/740°F 

260 psig 1,200*000 lb/hr/590°F 

Condensate Return 800,000 lb/hr 



200 MW 
36 MW 
164 MW 

145 MW 
19 MW 



400,000 lb/hr/690°F 
1,200,000 lb/hr/ 530°F 
800,000 lb/hr 



Overall Efficiency 
for Power Cycle 



71.8 percent 

-li- 



es. 3 percent 



BNSDOCID: <XP.__ _ 8042 1 73A _.l .. > 



the electric utility. 



The PCB plant consists of three boilers each capable of producing 
1,125,000 pounds per hour (MCR) 1810 psig/950 D F steam. The 
boilers are sized so that the plant can meet the refinery 
operating requirements for steam and electricity with two boilers 
operating and one boiler down for inspection or maintenance. The 
boilers produce steam which is fed to two extracting condensing 
turbogenerators. Each turbogenerator is capable of generating 
135 MW of electricity. Normally each turbogenerator produces 100 
MW of power. As for the CFB case, this additional capacity is 
provided for operating flexibility when the refinery does not 
require the design quantity of steam. 

The configurations of the two facilities have been designed with 
operating flexibility and overall reliability in mind. Operating 
flexibility is enhanced by the capability to operate easily at 
different steam export and power production rates than the design 
scenarios. 

Reliability is provided for by building spare boiler capacity and 
sparing critical equipment to ensure the plants can meet the 
refinery requirements for steam and power even when one boiler is 
not operating, or when critical equipment fails or requires 
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maintenance. 



[V. Investment 

Investment cost for the CFB and PCB plants was arrived at using 
equipment factored estimates. This type of estimate produces a 
capital cost which is considered accurate to plus or minus twenty 
percent of eventual cost of the installed plant. 

To prepare the equipment factored estimate the two plants were 
defined by performing process studies which set the philosophy 
and major equipment sizes for items such as the boilers, 
turbogenerators, cooling tower, fuel handling and storage, etc. 
Major equipment items were estimated using vendor quotations. An 
equipment 11st for each plant was developed and the remaining 
equipment was estimated using in-house data from other projects 
for similar equipment. The data is also used to check vendor 
quotes on major items. The equipment was broken into five 
different areas to facilitate the estimate. The areas were 
offsites, steam and power, utilities, environmental and buildings. 

Commodity costs associated with equipment include civil, 
structural steel, piping, instrumentation, electrical, 
fireproofing, painting and insulation. These costs are estimated 
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using cost ratio factors, developed by analyzing return cost data 
for projects of a similar nature. Buildings were estimated on a 
square foot basis. 

Certain utility systems and offsite costs are estimated on a 
system basis (i.e., water treatment, waste handling, etc.). 
Take-offs for interconnecting piping were made based upon a 
conceptual plot plan developed and are used to develop quantities 
and costs. Field labor costs for installation work were 
determined by pro-rating from corresponding equipment and 
materials costs for similar projects. These costs reflect labor 
wages and productivity anticipated for the Gulf Coast area. 

Construction and miscellaneous field expenses including 
construction equipment, tools and temporary facilities are 
estimated as a percent of direct field labor costs. Field staff 
and office costs are similarly figured. Historical information 
is again used in determining these cost items. 

Engineering costs are developed from manhour estimates from each 
discipline. The manhours were then priced at current rates and 
non-payroll home office costs added. 

All of the above mentioned expenses were sunmed up to arrive at 
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an estimated total Installed cost (December 31, 1985) for each plant. 
Once the estimated TIC was established escalation, contingency and 
financing expenses were added to arrive at an expected investment for 
the plant. 

The results of the analysis are presented in Table 2. Expected 
investment for the CFB boiler case is $322,000,000; for the PCB case 
$416,000,000. 



V. fconomics 



Analysis 



An econometric model was developed to evaluate the economic performance 
of the Circulating Fluid Bed Boiler and the Pulverized Coke Boiler 
cogeneration plants. The proposed facilities were each compared against 
present day steam and electricity costs taking into account appropriate 
escalation for inflation. A three year construction period and a ten 
year project life is considered. Inflation for the 13 year time frame 
was assumed at 3.5 percent/year. 

The model was developed taking into account capital costs, operating 
costs, expected revenues, loan financing and taxes. 
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TABLE 2: INVESTMENT FOR COGENERATi nN PI ANTS f$X106) 



CFB Boiler PC Boiler 

Plant Cost 240 310 

Escalation 30 40 

Contingency _2Ji _3fi 

Subtotal 295 380 

Interest During Construction _21 -M 

Total Capital Investment 322 416 

-16- 
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Capital costs include the cost of the plant, interest during 
construction and cost of site preparation* Working capital is based on 
interest required to cover two month's revenues. Plant capital costs 
are used as a basis for depreciation calculations. Sources and uses of 
funds during construction for the CFB and PCB cases are shown on Tables 
3 and 4, respectively. 

Operating costs include the cost of coke, natural gas, operations and 
maintenance, limestone and waste disposal. A sensitivity analysis was 
performed varying the unit price of coke between $1 and $20 per ton. 
Limestone and natural gas were priced at $15/ton and $2/106 BTU, 
respectively. Waste disposal costs for ash and sludge were estimated at 
$13/ton for the Circulating Fluid Bed boiler dry ash and $15/ton for the 
Pulverized Coke boiler ash/sludge mixture (30% water). Operation and 
maintenance are taken as 4 percent of the plant capital cost and include 
insurance, labor, administration, supplies and spare parts. These costs 
are in 1986 dollars. The model adds inflation to each cost for each 
year of project life to arrive at current values for all cost 
parameters. The model then calculates yearly values for total operating 
costs. 

Revenues are similarly based on present values for Gulf Coast 
electricity and steam costs. Refinery electric energy costs in 1986 
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are taken at $0.05/Kwh. Refinery steam costs are $3.75/1000 lb for 600 
psig steam and $3.00/1000 lb for 250 psig steam. Cogenerated 
electricity bought by the public utility is estimated to return $0.04/Kwh. 
Each product is considered separately. The inflation rate of 3.5 
percent per year is taken into account to arrive at annual revenues. 

The model, is designed so that both operating costs and revenues can be 
adjusted to reflect plant operating rates above or below the design 
output. Since sufficient spare capacity was included for each plant 
studied, operating rate was not varied over the life of the project in 
this analysis. The economic returns are not particularly sensitive to 
operating rate unless operating rates are significantly below design. 
Operating costs and revenues (1986) are presented in Table 5 for the CFB 
and PCB cases, varying coke costs between $1 and $20 per ton. 

The analysis to calculate return on investment is based upon the 
following parameters. Equity to debt ratio is 25/75 percent based upon 
total capital cost. Total capital cost includes plant cost, site 
preparation and interest during construction. Debt is financed by a ten 
year bank loan at 10 percent interest rate with equal yearly payments to 
be paid over the first ten years of the project operating life. 
Depreciation is calculated using the ten year accelerated cost recovery 
system (ACRS). Taxes are assessed at 46 percent of gross profits. , 
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The model calculates the yearly payments required to satisfy the lo 
requirements allocating the proper amounts for interest and principal. 

On a yearly basis, gross profit is figured by adding total revenui 
and subtracting total operating costs, interest paid on the bank lo< 
and depreciation. Taxes are then subtracted to calculate net profit 
Cash flow is arrived at by adding depreciation to net profit ar 
subtracting the principal payment for the bank loan. The internal rat 
of return (IRR) on owner's equity is then calculated from the cash flo 
for a ten year operating period. 

Results of Economic Analysis 

The econometric model was used to analyze various cases for the CFB anc 
PCB configurations. Studies were performed to see how different 
parameters and assumptions affect the economic analysis. The cash flow 
analysis and the internal rate of return for $10/ton coke are shown on 
Table 6 and 7 for the CFB and PCB cases, respectively. 

For the CFB configuration, using $10/ton coke (1986). projected 
operating revenues exceed operating costs by 84 million dollars in the 
first year of operation. This increases to 114 million dollars in the 
tenth year of operation. Cash flow grows from 19 million dollars in 
year one to 48 million dollars in year ten. The internal rate of return 
over this period equals 28.9%. 
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For the PCB facility, considering $10/ton coke (1986), projected 
operating revenues exceed operating costs by 79 million dollars in the 
first year of operation. This increases to 108 million dollars in the 
tenth year of operation. Cash flow grows from 9 million dollars in year 
one to 41 million dollars in year ten. The internal rate of return on 
owner's equity is 16.6% over a ten year operating period. 

Comparing the return on investments for the two boiler types, the IRR 
for the CFB boiler is better than that for the PCB case. This result is 
attributable to the considerable capital savings associated with the CFB 
compared to the PCB. High capital costs for the PCB are due to the 
equipment required for sulfur oxide removal and sludge handling. These 
costs are avoided with the CFB as no "add-on" equipment is required to 
control sulfur oxide emissions. 

A sensitivity analysis was done to quantify how the internal rate of 
return changes as the value of the coke fuel is varied between $l/ton 
and $20/ton (1986 $) . The results are presented in Table 8 forr the CFB 
and PCB cases. As would be expected, when the cost of coke fuel 
decreases IRR increases and vice versa. 
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Another analysis was performed to see how IRR is affected by an increase 
or decrease in plant total capital cost. Total capital cost for $10/ton 
coke cases was decreased 10% from the base to calculate the low case and 
increased 10% from the base to form the high case. The results of this 
analysis are shown on Table 9. For the CFB the ten year average IRR is 
28.9% for the base case, 33.3% for the low capital case and 25.0% for 
the high capital case; for the PCB: 16.6% for the base case, 20.6% for 
the low capital case and 13.0% for the high capital case. 

VK Conclusions 

A study is presented looking at the economics of steam and power 
cogeneration using fuel grade green coke in a U.S. Gulf Coast Refinery. 
The economics are not embellished by the various tax benefits that are 
or were available to projects of this type, but rather looks at the 
basic common economic driving potentials. 

The results of the study show that cogeneration presents a viable avenue 
to create a profitable market for an otherwise undesirable byproduct of 
a refinery. The study results could be equally valid for any other 
complex requiring power and steam in an area where fuel grade coke is 
available from a nearby refinery. 
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The better economics shown for the CFB indicate this to be the preferr 
route. This conclusion is further supported by some operatii 
characteristics of the CFB, especially its flexibility and adaptabilii 
to different fuels. By switching to different fuels the operator coul 
take advantage of fluctuating relative fuel prices and substitute othe 
fuels (e.g., heavy residue or even gas) for the coke, if a temporar 
shortage should present attractive sales opportunities for coke. 

While this paper presented two viable means of coke utilization then 
are other processes that warrant examination. One of these i* 
combustion in an atmospheric "bubbling" fluid bed (AFB) similar to ths 
one under design for the TVA. This cycle would be similar to the CFB. 

Another possibility to utilize the coke is gasification and combustion 
in a gas turbine based combined cycle. While the investment for such an 
installation is expected to be higher than that for straight combustion, 
the additional revenue potential due to improved cycle efficiency may 
justify the incremental investment. 
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TABLE 8: SENSITIVITY ANALYSIS OF IRR TO COKE PRICE 



COKE PRICE ($/ST) CFB ^ PCB 

! 33.9 21.4 

5 31.7 19-3 

10 28.9 16-6 

15 25.9 13.6 

20 22.7 10.5 

TABLE 9: SENSITIVITY ANALYSIS OF IRR TO INVESTMENT 

CAPITAL COST CFB PCB 

LOW (-10%) 3 3 «3 20 * 6 

BASE 28 • 9 16,6 

HIGH (+10%) 25.0 13.0 
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